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Abstract Habituation, i.e. the decremental response to
repeated sensorial stimulation, is studied in humans
through evoked potential stimulation. Mechanisms under-
lying habituation are not yet cleared, even if inhibitory
circuits are supposed to play an important role. Light
deprivation (LD) increases visual cortical excitability
likely through down-regulation of GABA circuits. We
previously found that high-frequency repetitive transcranial
magnetic stimulation (hf-rTMS) can revert these facilita-
tory effects likely restoring the activity of inhibitory cir-
cuits. Here, we studied the effects of LD and rTMS on
habituation of visual evoked potentials (VEPs). The
hypothesis was that if the inhibitory circuits have a role in
habituation, then LD that downregulates GABA circuits,
should impair habituation that in turn should be restored by
hf-rTMS. Fifteen healthy subjects underwent VEPs
recording in baseline (without LD), in LD alone (without
rTMS), in LD and 1 Hz rTMS and in LD and 10 Hz rTMS.
Habituation observed in baseline (without LD) was sig-
nificantly impaired after LD; 10 Hz but not 1 Hz rTMS
was able to restore normal habituation phenomena. VEPs
habituation is impaired by LD but it could be restored if hf-
rTMS is given during LD. As LD acts reducing GABA
circuits activity and hf-rTMS likely upregulates such cir-
cuits, these data give support to the hypothesis that cortical
inhibition can play a relevant role in mechanisms under-
lying habituation.
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Introduction
Habituation is the simplest form of implicit learning
allowing an organism to learn the features of a new stim-
ulus. When a new stimulus is presented, if it is irrelevant or
not noxious, after a succession of exposures, the animal
ignores it (Kandel et al. 2000).
Habituation has been studied in humans through
evoked potential stimulation (Schoenen 1996) and is
expressed by reduced amplitude of the evoked response to
repeated stimulation (Schoenen 1996; Bohotin et al.
2002). Habituation in the nervous system is a ubiquitous
phenomenon with complex region- and function-depen-
dent mechanisms. The underlying mechanisms are still
unknown, but it is likely to be modulated by excitatory
neurones receiving thalamocortical input, intracortical
inhibitory interneurones and subcorticocortical state-set-
ting, e.g. serotoninergic, afferents; one of its roles could
be the protection against cortical overstimulation (Megela
and Teyler 1979; Sappey-Marinier et al. 1992; Schoenen
1996). Habituation is consistently reported to be impaired
in migraine (Afra et al. 1998; Bohotin et al. 2002, Cop-
pola et al. 2009; Schoenen 1996) where it is considered a
neurophysiological hallmark. Since Schoenen (1996) first
reported that migraine patients show lack of habituation
to the ongoing visual evoked potential stimulation, a
defective habituation in migraineurs has been also
described for nociceptive sensory inputs (Valeriani et al.
2003; de Tommaso 2008).
A dysregulation of cortical sensory information pro-
cessing, possibly by subcortical activating system, was
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hypothesized as a probable culprit of the lack of habitua-
tion in this disease (Schoenen 1996).
Alternatively, it has been suggested that reduced
habituation could be consequent upon reduced efficiency
of intracortical inhibitory circuits. This has been fre-
quently reported in migraine by studies on visual cortex
(Brighina et al. 2002; Fierro et al. 2003; Mulleners et al.
2002; Palmer et al. 2000) and, more recently, also in
motor cortex where objective measures of cortical inhi-
bition, like short-lasting intracortical inhibition (SICI)
(Brighina et al. 2005, 2010) and cortical silent period
(CSP) (Aurora et al. 1999; Curra et al. 2007), can be
directly evaluated. In order to explore the role of corti-
cal inhibition in mechanisms underlying habituation, in
the present study, we used an experimental model in
which GABA circuits are known to be impaired.
Besides in experimental animals (Jones 1993; Kilman
et al. 2002), down-regulation of intracortical GABA
circuits has been demonstrated in human models of
functional deafferentation of the visual cortex induced by
short-lasting light deprivation (Boroojerdi et al. 2000,
2001).
On such basis, the first aim of our study was to
evaluate the effects of light deprivation (LD) on habit-
uation of visual evoked potentials (VEPs) in healthy
subjects.
In a recent study, it has been demonstrated that the
altered excitability of the visual cortex following LD in
normal subjects (only those who presented reliable
phosphenes) can be differentially modulated by different
rTMS frequencies (Fierro et al. 2005). It is known that
1 Hz rTMS decreases, while 10 Hz increases cortical
excitability. Differently, Fierro et al. (2005) found that
following LD, 1 Hz rTMS sustained the increased
activity of visual cortex, prolonging the induced changes
of reduced phosphene threshold (PT). Conversely, 10 Hz
rTMS decreased activity of visual cortex, significantly
increasing PT values during LD and shortening recovery
of baseline excitability soon after light re-exposure. As
the effects of rTMS critically depend on the basal
excitability state of the stimulated cortex, the authors
hypothesized that the paradoxical effects of rTMS must
be related to the LD-induced changes in cortical excit-
ability prior to the exposure to rTMS. So, in the setting
of LD-induced enhanced excitability, high-frequency
rTMS seems to act preferentially by upregulating inhi-
bition, so inducing a rapid recovery of GABA function
that could play a role in restoring PT baseline levels.
Therefore, the second aim of the study was to explore
the modulatory effects of low- and high-frequency TMS
on habituation of VEPs in healthy subjects during LD,
with the hypothesis that high-frequency TMS was able to
restore habituation.
Methods
Twenty-five healthy subjects (10 males, 15 females; aged
29 ± 3.4 years) were enrolled in the study. None of the
subjects had a history of migraine or visual abnormalities
on neuro-ophthalmological examination. All of them had
normal visual acuity, and none was taking drugs. All were
unaware of the experimental purposes. Subjects were
instructed on experimental conditions and techniques and
gave their informed consent prior to entering the study,
which had been approved by the local ethics committee.
PT assessment
All experiments were conducted in a darkened room, and
the subjects were blindfolded to accomplish total darkness.
Subjects wore a tight-fitting plastic swimmer’s cap marked
with a grid of 3 9 3 points, with each point 2 cm apart,
centred over Oz (international 10/20 system). A Cadwell
high-frequency magnetic stimulator equipped with a 9 cm
water-cooled figure of eight coil delivering magnetic
stimuli with monophasic configuration (pulse width of
200 ls) was used. The coil was placed, with its handle
pointing upward, so as to induce a current flowing in a
craniocaudal direction. The starting position of the coil was
in the midline 2 cm above the inion, on the visual cortex,
and subsequently, it was shifted laterally to both sides until
the optimum point for the induction of phosphenes was
found. Paired stimuli with 50 ms interstimulus intervals
were used to induce phosphenes. This double-pulse stim-
ulation was chosen on the basis of previous experiments
(Boroojerdi et al. 2000; Brighina et al. 2002). Magnetic
stimulation was started at an intensity of 30% of the
maximum stimulator output and then increased of 2% steps
until phosphenes could be elicited, or until a maximum of
100% intensity of stimulation was reached. PT was defined
as the minimum intensity required for evoking phosphenes
(perception of flashes or spots of light in the absence of
visual stimuli) in three of five trials. Average of 6–7 trials
was necessary for each PT assessment. The intertrial
interval was not fixed, but it was not less than 10 s.
PT was assessed before LD in each experimental session
to define the site and the intensity of the stimulation. The
values of PT are shown in Table 1; the values showed no
significant differences at the paired t test (P[ .05 for all
comparisons).
Experimental procedure
Fifteen subjects who present phosphene reliability criteria
(six men, nine women; mean age: 27.9 ± 2.6 years) par-
ticipated in the experiment. They underwent three experi-
mental sessions with at least 1 week interval between
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sessions. In each session, subjects underwent 60 min of
LD. In session 1, no rTMS was applied. In the other two
sessions, in the last 15 min of LD, low- or high-frequency
rTMS was applied. The order of the three sessions was
randomized across subjects. See Fig. 1.
Light deprivation
All experiments were conducted in a darkened and quiet
room. The subjects were seated on an armchair and were
blindfolded; nontransparent goggles were placed to
accomplish total darkness (they did not report any light
perception). During LD, that lasted 60 min, to avoid
unspecific effect of drowsiness, the examiner monitored
subjects’ alertness by frequently requesting them to report
their sensations.
PR-VEP assessment
Subjects were seated on an armchair, in a quiet room with
dimmed light, 1 m in front of a television monitor
(30 cm 9 30 cm, mean luminance 240 cd/m2, colour
temperature 9,500 K). Stimuli were presented as a
draughtboard pattern of black and white squares subtending
8 min of arc (contrast 80%) at a reversal frequency of
3.1 Hz (Bohotin et al. 2002). With one eye patched, sub-
jects were instructed to fixate on a red point in the middle
of the screen and were visually monitored by the exami-
nator during the VEPs recording. We used two-pin elec-
trodes inserted into the scalp on the midline: the first
2.5 cm above the inion (Oz-active electrode) and the sec-
ond over the frontal region (Fz reference).
The ground electrode was placed on the forearm. During
uninterrupted stimulation, eleven sequential blocks of 100
responses were averaged using a Phasis Esaota Biomedica
(analysis time 300 ms, 100 Hz high cut and 1 Hz low-cut
filters). In each session, PR-VEP was recorded before and
immediately after 60 min of light deprivation. All record-
ings made before LD in each of the three sessions repre-
sented the baseline condition.
rTMS (1 and 10 Hz)
Magnetic stimulation was given through a Cadwell
machine as used before for PT assessment. rTMS was
applied on the visual cortex to the optimal scalp position
for the induction of phosphenes after 45 min LD at a PT
intensity as assessed before LD. One hertz rTMS (900
stimuli) was delivered continuously for 15 min, and 10 Hz
rTMS (900 stimuli) was delivered in 18 trains of 50 stimuli
separated by 45 s intervals (15 min).
Measurements
In all PR-VEP recordings, the N75, P100 and N145 peaks
were clearly identified. We analysed the 11 blocks of 100
PR-VEP responses in terms of latencies (N75, P100 and
N145) and peak-to-peak amplitudes of the N75–P100 and
P100–N145 components. The N75 peak was defined as the
most negative point between 60 and 90 ms after the stim-
ulus, P100 as the most positive point following N75
between 80 and 120 ms and N145 as the most negative
point following P100 between 90 and 200 ms. PR-VEP
potentiation or habituation were defined as a percentage
amplitude of each block (from the second) of 100 averaged
responses with respect to the first one. These amplitude
changes were calculated separately for N75–P100 and
P100–N145.
Statistical analysis
N75–P100 and P100–N145 amplitudes of VEPs recorded
in baseline conditions in each session were analysed by
repeated measures ANOVA with blocks (11 levels) and
repetitions (3 levels) as within-subject factors. Since no
significant differences across repetitions were observed
Table 1 PT values (expressed as % of the maximum stimulator
output) assessed in the three experimental sessions (before LD, before
LD ? 1 Hz and before LD ? 10 Hz)
Subjects Before LD Before LD ? 1 Hz Before LD ? 10 Hz
1 52 52 52
2 64 62 64
3 66 66 66
4 75 75 77
5 49 51 51
6 52 52 52
7 50 50 50
8 54 52 52
9 48 48 48
10 50 50 50
11 48 50 48
12 54 54 54
13 56 56 56
14 48 48 46
15 48 48 48
Fig. 1 Flow chart of the experiment: PR-VEP (pattern reversal visual
evoked potential); LD (light deprivation); and rTMS (repetitive
transcranial magnetic stimulation)
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(see Table 2), we pooled data together and the mean values
were used for the further analysis. Repeated measures
ANOVA was used also to compare PR-VEP latencies and
amplitude values at different times and between different
experimental sessions with condition (4 levels: baseline,
LD, LD ? 1 Hz rTMS, LD ? 10 Hz rTMS) and block (11
levels: 1st–11th block) as within-subjects factors. Signifi-
cance was set at P\ .05. One-way repeated measures
ANOVA were used to compare block 1 VEP amplitudes
(N75–P100, P100–N145) across conditions.
Results
VEP Latencies
ANOVA for latencies (N75, P100 and N145) did not show
any significant main effect for block: N75: [F(10,140) =
1.06; P\ .3943]; P100: [F(10,140) = 1.32; P\ .2232];
N145: [F(10,140) = 1.55; P\ .1264], condition: N75
[F(3,42) = 1.42; P\ .2511]; P100: [F(3,42) = 1.52;
P\ .2238]; and N145: [F(3,42) = .45; P\ .7153] and for
the interaction block X condition: N75: [F(30,420) = 1.15;
P\ .2732]; P100: [F(30,420) = 0.77; P\ .8104]; and
N145: [F(30,420) = .99; P\ .4813].
VEP amplitudes
Mean values of raw N75–P100 amplitudes of the first block
of VEP recorded in all conditions (baseline: 11.1 ±8.5 lV,
LD: 10.1 ±6.0 lV, LD ? 1 Hz rTMS: 9.7 ±3.8 lV and
LD ? 10 Hz rTMS: 9.1 ±6.3 lV) showed no significant
differences at the paired t test (P[ .05 for all comparisons)
and for repeated measures ANOVA: F(3,15) = 1.0874,
P = .38462.
Raw P100–N145 amplitudes of the first block of VEP
recorded in all conditions (baseline: 11.0 ± 4.5 lV; LD:
11.5 ± 6.3 lV; LD ? 1 Hz rTMS: 11.1 ± 4.5 lV and
LD ? 10 Hz rTMS: 10.4 ± 6.4 lV) showed no significant
differences at paired t test (P[ .05 for all comparisons.)
and for repeated measures ANOVA: main effect
F(3,15) = .42, P\ .7406. ANOVA for N75–P100 VEP
amplitude showed significant main effect for conditions
F(3,42) = 21.71, P = .00001, Blocks: F(9,126) = 3.46,
P = .0008 and for the interaction conditions x Blocks:
F(27,378) = 4.02, P = .00002; ANOVA for P100–N145
amplitude showed also significant main effect for condi-
tions: [F(3,42) = 184.79, P = .00000], Blocks [F(9,126) =
16.28, P = .00000] and for the interaction conditions x
Blocks: F(27,378) = 7.85, P = .00000
Duncan’s Post hoc analysis for N75–P100 amplitude
showed in baseline condition a significant amplitude
decrease starting at 4th block (P\ .01); after LD, habitu-
ation was impaired with no more significant amplitude
reduction across blocks; adding 1 Hz rTMS during LD,
PEV showed a slight but significant pattern of potentiation
that began at the 6th block (P\ .05); differently when
10 Hz rTMS was applied during LD, habituation was sig-
nificantly restored beginning at 4th block (P\ .001).
(Fig. 2a, b).
Post hoc analysis for P100–N145 showed similar results
with: significant decrease in amplitude in baseline starting
at 3rd block (P\ .01); no significant changes in amplitude
after LD; a slight but significant amplitude increase of 1 Hz
Table 2 ANOVA results (main effects) for the baseline condition in each experimental session
Repetitions Blocks Repetitions x blocks
N75–P100 F(2,28) = .44; P\ .6504 F(9,126) = 17.45; P\ .0000 F(18,252) = 1.46; P\ .1058
P100–N145 F(2,28) = .52; P\ .6030 F(9,126) = 27.42; P\ .0000 F(18,252) = 1.36; P\ .1516
Fig. 2 a Mean (±standard errors) of % variation of VEP amplitude
(with respect to the baseline) in the different experimental conditions
for N75–P100. bMean VEP amplitude (lV) (±standard errors) in the
different experimental conditions for N75–P100
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condition starting at 6th block (P\ .01); and restoring of
habituation after 10 Hz with significant amplitude decrease
starting at 3rd block (P\ .01) (Fig 3a, b).
Discussion
The main result of our study was that habituation (i.e.
decremental VEP amplitude) observed before LD in nor-
mal subjects was significantly impaired after LD. Ten Hz
rTMS applied on the visual cortex was able to restore
normal habituation phenomena, while 1 Hz rTMS further
impaired habituation.
Habituation in normal subjects has been frequently
reported (Afra et al. 1998; Bohotin et al. 2002), even if the
underlying mechanisms are still unknown. Healthy subjects
that have normal activation level of sensory cortex easily
reach the top of response activity after repeated sensory
stimulation and show habituation (Schoenen 1996).
In experimental animals, it was shown that deafferen-
tation induce rapid plastic changes that are principally
mediated by the unmasking of existent but latent cortico-
cortical connections and that the mechanisms involved
include removal of local inhibition (Sanes and Donoghue
1997; Jacobs and Donoghue1991). Moreover, in the studies
of functional deafferentation of the sensorymotor cortex
performed through transient ischaemia of the forearm in
healthy subjects, Ziemann et al. (1998a, b) found that the
abnormalities of cortical excitability could be pharmaco-
logically corrected by GABA active drugs, suggesting that
the rapid removal of GABA-related inhibition is a neces-
sary step for this form of deafferentation-induced plasticity.
Light deprivation is a human model able to induce
plastic changes in visual cortex and also in motor cortex
(Leon-Sarmiento et al. 2005).
Boroojerdi et al. (2000)found that visual deprivation in
healthy subjects induces a rapid increase in visual cortex
excitability. They also demonstrated that lorazepam (which
enhances GABAa receptor function by acting as a positive
allosteric modulator), dextrometorphan (NMDA receptor
antagonist) and scopolamine (muscarinic receptor antago-
nist) blocked rapid plastic changes associated with light
deprivation (Boroojerdi et al. 2001). These findings sug-
gested the involvement of GABA, NMDA and cholinergic
receptors in rapid experience-dependent plasticity in the
human visual cortex.
More recently, Pitskel et al. (2007) also demonstrated
that in normal subjects undergoing sudden and complete
visual deprivation for a prolonged period (5 days), there
was a significant decrease in PT values that ensues over
time followed by a rapid return to baseline levels after re-
exposure to light. As it is reported by Pfurtscheller et al.
(1996), short-term eye closure induces an idling alpha
rhythm that is considered a state of transient cortical
deactivation, the light deprivation-induced hyperexcitabil-
ity seen by Pitskel et al. (2007) could be interpreted as an
effect of the duration. Anyway, in the light of evidence
suggesting that short-term LD acts also reducing GABA
circuits activity (Boroojerdi et al. 2001), our results along
with the Pitskel’s data could suggest a role of GABA
transmission in both PT and habituation phenomenon, even
if on the basis of our results, we can not establish how
much relevant for habituation it could be.
Moreover, as habituation could be considered a form of
learning, it could be affected by changes in the interplay
between GABA, NMDA and cholinergic receptors, that
have been shown to underlie the LD changes in visual
excitability and that are also involved in rTMS-induced
learning effects (Ziemann et al. 1998a, b).
In the present study, results of the modulatory effects of
rTMS on habituation seem to be in line with this view.
Habituation on VEPs was differently modulated by the
low- and high-frequency rTMS: 1 Hz rTMS further
impaired habituation, whereas 10 Hz rTMS was able to
restore it. Our data do not provide a direct evidence about
mechanisms underlying these effects. What we know,
according to the literature data, is that the effects of
Fig. 3 a Mean (±standard errors) of % variation of VEP amplitude
(with respect to the baseline) in the different experimental conditions
for P100–N145. b Mean VEP amplitude (lV) (±standard errors) in
the different experimental conditions for P100–N145
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different frequencies of rTMS critically depend on the state
of cortical excitability (Fierro et al. 2005; Siebner et al.
2004). One hertz rTMS is known to depress cortical
excitability in normal subjects, but this stimulation fre-
quency was found to induce a significant prolongation of
the cortical hyperexcitability state due to LD, as indexed by
the longer time needed to recover the baseline PT after
light re-exposure (Fierro et al. 2005). This effect was
interpreted as a rTMS-induced potentiation of the impact of
LD on cortical excitability and may be due to a strength-
ening of the excitatory synapses. However, further sup-
pression of inhibitory circuits cannot be excluded.
The effects of hf-rTMS might be otherwise interpreted.
In a previous study, hf-rTMS applied during LD was able
to normalize visual cortical excitability. This finding was
attributed by the authors to the recovery of intracortical
inhibitory circuits (Fierro et al. 2005).
The effects of hf-rTMS on measures of motor intracor-
tical inhibition (CSP and SICI) have been studied in
humans in normal and pathological conditions.
In condition of muscle contraction (a state of increased
motor cortex excitability), during a train of hf-rTMS
increased SP duration is observed. A possible explanation
is that in a condition of hyperexcitability, when excitatory
circuits reach a ceiling of activation and cannot be further
upregulated, hf-rTMS may paradoxically potentiate inhib-
itory circuits (Berardelli et al. 1999). Other suggestions of
upregulation of inhibitory circuits by hf-rTMS in patho-
logical conditions might come from studies in Parkinson’s
disease (PD) (Siebner et al. 2000; Gilio et al. 2002; Fierro
et al. 2008) where a reduced cortical inhibition has been
repeatedly reported, along with a reduced cortical activa-
tion (Cantello et al. 2002). Here, SP duration is increased in
PD patients during (Gilio et al. 2002) or after (Siebner et al.
2000) 5 Hz rTMS trains arguing in favour of a facilitatory
effect of hf-rTMS also on intracortical inhibition. It has
been shown that hf-rTMS is able to restore the activity of
inhibitory circuits also in patients with migraine (Brighina
et al. 2010) and in those affected by neuropathic pain,
another pathological condition in which cortical inhibition
has been shown to be reduced (Lefaucheur et al. 2006).
In the present study, we did not investigate the effects of
rTMS on VEP habituation in baseline condition (without
LD) because this was out of the aim of the study. However,
in this condition, Bohotin et al. (2002) and Fumal et al.
(2006)previously found that 10 Hz rTMS did not modify
VEP habituation in healthy subjects. This could seem in
contrast with our data, but, if habituation is related to
cortical inhibition, then in healthy subjects where a normal
level of excitability and activation of inhibitory circuits
could be supposed, 10 Hz cannot affect inhibition and does
not change habituation. Differently, after LD, where a
modification of the cortical excitability state occurs
(reducing GABA circuits activity and increasing NMDA
receptor activation), hf-rTMS is able to restore habituation,
probably by restoring intracortical inhibitory circuits. This
appears in agreement with results by Bohotin et al. 2002
where hf-rTMS was able to restore habituation in migrai-
neurs patients, where the reduced inhibition is frequently
reported (Brighina et al. 2009; Coppola et al. 2007).
Our study presents some methodological limitations.
The first one is that we examined only subjects perceiving
phosphenes and, therefore, in the upper normal limit of
visual excitability. It would have been interesting to
examine also the behaviour of the subjects not perceiving
phosphenes, but this faced with the difficulty to establish
the right intensity of rTMS stimulation (maximal stimula-
tor output? that would have been uncomfortable for the
subject, fixed intensity?, at which level?). This indeed
could have established differences between the groups
(perceiving vs not perceiving phosphenes) as concerns
activation level of visual cortex. Another limitation con-
sists in the fact that we assessed PT once, at the baseline
condition, so we did not adjust the stimulus intensity to the
probably different threshold after 45 min LD.
In conclusion, our results seem to support the view that
the strength of intracortical inhibition underlies patho-
physiological mechanisms of habituation. However, further
studies are needed to confirm these data also exploring the
role and the relationship with the other neural mechanisms
likely involved in habituation.
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